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Contract  Description 


The  purpose  of  this  work' is  to  develop  techniques  to  overcome  the  fundamental 
limits  of  present  methods  for  high  resolution  spectroscopy  and  frequency 
standards- -the  second  order  and  residual  first-order  Doppler  shifts.  To  this 
end,  we  study  suitable  frequency  reference  transitions  in  ions  which  are 
stored  in  electromagnetic  traps  and  cooled  by  radiation  pressure  to  <  IK. 

Scientific  Problem 


The  scientific  problems  are  (1)  to  find  ways  to  suppress  second  order  and 
residual  first  order  Doppler  shifts  in  atomic  spectroscopy  in  a  fundamental 
way- -by  substantially  reducing  the  kinetic  energy  of  ions  stored  ion  electro¬ 
magnetic  traps,  (2)  to  study  suitable  reference  transitions  in  ions  that  can 
be  used  as  frequency  standards,  and  (3)  to  study  the  problems  (i.e., 
systematic  effects)  generic  to  all  stored  ion  frequency  standards.  The  goal 
i'-  to  achieve  at  least  a  factor  of  100  improvement  in  accuracy  over  the 
present  best  device,  the  Cesium  beam  frequency  standard,  which  has  an  accuracy 
of  approximately  2  parts  in  101A. 

Scientific  and  Technical  Approach 

Laser  cooling  is  employed  on  all  experiments  in  order  to  suppress  Doppler 
shifts.  Temperatures  as  low  as  40  pK  have  been  achieved  and  temperatures  less 
than  0.1K  are  routinely  achieved.  To  avoid  light  shifts  on  "clock" 
transitions  we  investigate  "sympathetic  cooling"  where  one  ion  species  is 
laser  cooled  and  by  Coulomb  collisions  cools  another  ion  species  of 
spectroscopic  interest.  We  continue  experiments  on  Mg+  and  Be+  in  order  to 
study  generic  problems  with  traps  since  these  ions  are  easier  to  laser  cool. 

We  are  conducting  separate  experiments  for  Hg+  ions.  These  experiments  have 
the  goal  of  realizing  a  frequency  standard  with  10' 15  or  better  accuracy. 
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Summary  of  progress  since  Oct.  '89.  (details  start  on  p.4) 


(1)  9 Be*  frequency  standard.  We  are  currently  trying  to  characterize  an 
apparent  pressure  shift  of  the  hyperfine  clock  transition  which  is  much 
larger  that  expected.  Elimination  of  this  shift  would  make  the  Be+  clock 
the  most  accurate  atomic  clock.  Study  of  this  shift  is  important  because 
it  may  affect  all  high  resolution  measurements  of  hyperfine  structure  in 
atomic  ions  and  possibly  all  clocks  based  on  atomic  ion  hyperfine 
structure . 

(2)  Hg*  optical  frequency  standard:  Efforts  this  last  year  have  concentrated 
on  achieving  extreme  mechanical  isolation  for  the  cavity  to  which  the 
laser  local  oscillator  is  locked.  Beating  together  two  lasers  locked  to 
independent  cavities  indicates  the  laser  linewidth  is  less  than  25  Hz 
which  is  the  narrowest  visible  laser  linewidth  ever.  Experiments  to 
apply  this  new  laser  source  to  the  ion  are  currently  underway. 

(3)  Quantum  Zeno  Effect:  The  quantum  Zeno  effect  is  the  inhibition  of 
transitions  by  frequent  measurements.  Our  published  paper  on  this  effect 
has  generated  rather  widespread  interest. 

(4)  Synchrotron  Frequency  Divider:  Single  electrons  have  been  isolated. 
Parametric  division  (by  2)  of  the  cyclotron  resonance  of  electrons  in  a 
Penning  trap  has  been  observed. 

(5)  Linear  Trap  and  High  Resolution  Microwave  Spectroscopy  of  Hg+  :  An  rf 
trap  with  linear  geometry  has  been  constructed.  This  trap  should  give, 
for  many  stored  ions,  the  same  small  Doppler  shifts  as  achieved  for 
single  ions  in  an  rf  trap  of  more  conventional  quadrupole  geometry. 
Signal-to-noise  ratio  should  be  increased  due  to  the  larger  numbers  of 
ions . 

(6)  Laser  Cooled  Refrigerator  and  Detector:  We  have  theoretically  examined 
the  possibility  of  extending  laser  cooling  to  cool  and  detect  ions  in  a 
trap  which  is  electronically  coupled  to  a  trap  containing  laser  cooled 
ions.  A  trap  along  these  lines  is  now  being  constructed.  Such  an 
experiment  may  have  important  implications  for  precise  mass  spectroscopy, 
magnetic  moment  ratio  measurements,  and  other  internal  state 
spectroscopy . 

(7)  Penning  Trap  Density  Limitations:  We  have  identified  a  mechanism  which 
limits  the  density  which  can  be  achieved  in  practice  for  ions  in  a 
Penning  trap.  This  limit  is  caused  by  a  static-field-axial-asymmetry- 
induced  plasma  heating  resonance  which  depends  on  density  and  trapping 
parameters.  Study  of  this  effect  has  implications  for  all  experiments  on 
ions  in  Penning  traps  because  it  places  a  practical  upper  limit  on  the 
densities  which  can  be  achieved. 
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(1)  Be+  Frequency  Standard 

In  this  experiment,  an  oscillator  has  been  locked  to  the  (m:  =  -1/2,  nij  =  1/2) 
«— *  (-3/2,  1/2)  nuclear  spin  flip  hyperfine  "clock"  transition  (w0/2»r  =*  303 
MHz)  in  the  ground  state  of  fcBe+ .  (Fig.  1) 


clock 


mj) 


1/2) 

1/2) 

1/2) 

1/2) 


-1/2) 

-1/2) 

-1/2) 

-1/2) 


Fig.  1.  Hyperfine  energy  levels  (not  drawn  to  scale)  of  the  9Be+  2s  2S^ 
ground  state  as  a  function  of  magnetic  field.  At  B  =  0.8194  T  the  303 
MHz  clock  transition  is  independent  of  magnetic  field  to  first  order. 


The  basic  idea  of  this  experiment  has  been  described  previously.  An  apparent 
pressure  shift  of  the  clock  transition  frequency  with  an  unexpectedly  large 
value  was  discovered  when  the  background  gas  pressure  was  increased.  The 
background  gas  pressure  could  be  increased  by  moving  the  magnet  of  the  sputter 
ion  pump  which  evacuated  the  trap  region  so  that  it  overlapped  fewer  pumping 
cells  and  reduced  the  pumping  speed.  (We  checked  to  make  sure  the  magnetic 
field  at  the  site  of  the  ions  was  not  disturbed.)  The  composition  of  the  gas 
was  not  known  since  the  pressure  was  measured  with  a  Bayard-Alpert  gauge. 
However,  when  th.’  vacuum  vessel  containing  the  trap  was  initially  evacuated 
the  dominant  background  gases  were  H2  and  He  as  determined  by  a  quadrupole 
mass  analyzer.  Therefore  we  expect  that  the  background  gas  during  the 
frequency  standard  measurements  was  either  Hz  or  He,  or  both.  If  the 
background  gas  was  dominated  by  He,  the  fractional  pressure  shift  was  measured 
to  be  about  -3x10' 6  Pa'1;  if  the  background  was  dominated  by  H2 ,  the  pressure 
shift  was  measured  to  be  about  -9xl0'6Pa_1.  Atomic  ion  hyperfine  pressure 
shifts  have  previously  been  measured  in  137Ba+  (J.  Vetter,  et  al.,  Z.  Phys . 
A273 .  129  (1975))  and  in  199Hg+  (L.  S.  Cutler,  et  al.,  Proc .  41st  Ann.  Symp . 
Freq.  Control,  1983,  p.  12)  to  be  5xl0'11Pa'1  and  4xlO"11Pa'1  respectively. 

The  authors  of  the  Ba+  work  show  that  the  charge  induced  multipole  interaction 
between  the  Ba+  and  the  noble  gas  atoms  used  in  that  study  should  give  an 
important  contribution  to  the  pressure  shift.  Since  this  interaction  depends 
primarily  on  the  polarizability  of  the  neutral  we  would  expect  that  the 
pressure  shift  for  He  atoms  on  9Be+  ions  would  not  be  significantly  different 
than  that  for  Ba+  or  Hg+ .  Similarly,  since  the  polarizability  of  H2  is  midway 
between  Ar  and  Ne ,  we  might  expect  the  pressure  shift  for  H2  on  Be+  to  be  near 
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those  for  Ne  and  Ar  on  Ba+ ,  which  were  measured  to  be  -6x10" 10  Pa'1  and  -6x10' 

9  Pa*1  respectively. 

The  apparent  large  discrepancy  between  our  data  and  other  measured 
pressure  shifts  is  not  understood  at  this  time,  however,  we  are  currently 
conducting  studies  to  understand  the  effect.  It  should  be  noted  that  if  the 
shift  is  real  it  may  affect  all  rf  and  microwave  frequency  standards  based  on 
stored  ions  in  a  similar  way.  If  so,  it  may  be  necessary  to  achieve 
significantly  better  vacuums  by  using  liquid  helium  cryopumping. 

Nevertheless,  once  eliminated,  it  appears  that  the  accuracy  of  ion  frequency 
standards  will  be  significantly  better  than  the  best  reported  Cs  clock  (1.5 
parts  in  101 A ) . 

(2)  Hg+  Optical  Frequency  Standard 

The  basic  idea  for  this  experiment,  which  is  illustrated  in  Fig.  2,  has 
been  discussed  in  previous  publications.  The  goal  of  the  experiment  is  to 
lock  a  laser  "local  oscillator"  to  the  quadrupole  transition  in  Hg+ .  To 
obtain  the  best  performance  of  the  resulting  optical  frequency  standard,  it 
will  be  necessary  to  observe  the  linewidth  of  the  quadrupole  transition  with  a 
resolution  of  2  Hz.  The  main  problem  in  our  experiment,  as  well  as  all  other 
optical  frequency  standard  experiments,  is  to  have  the  laser  spectral  purity 
be  narrower  than  the  resonance  line  over  the  time  it  takes  to  lock  the  laser 
to  the  resonance  line.  The  basic  technique  used  to  overcome  this  problem  is 
to  lock  a  laser  to  a  stable  reference  cavity.  In  our  experiment  (and  in  other 
laser  experiments  reported) ,  the  laser  tracks  the  cavity  to  much  better  than  1 
Hz  precision,  but  the  cavity  frequency  is  modulated  by  mechanical  noise  which 
changes  the  effective  length  of  the  cavity.  We  would  like  the  laser  linewidth 
to  be  less  than  about  2  Hz ;  at  present  it  is  around  25  Hz  wide  as  determined 
by  comparing  this  laser  to  another  laser  locked  to  a  separate  cav’ty  (This 
measurement  does  not  guard  against  common  mode  noise  on  the  two  s  parate 
cavities,  but  we  took  measures  to  make  the  two  systems  as  independent  as 
possible).  Even  though  the  laser  linewidth  is  not  less  than  two  Hertz  yet, 
the  laser  in  our  experiment  has  the  best  spectral  purity  of  any  laser  ever 
reported . 

The  main  effort  this  last  contract  period  has  been  devoted  to  obtain  a 
better  "optical  table"  on  which  to  mount  the  reference  cavity  to  which  the 
laser  is  locked.  The  problem  with  most  conventional  optical  tables  is  that 
their  cutoff  frequency  is  too  high,  typically  above  a  few  Hz.  By  suspending  a 
small  optical  table  on  "rubber  bands"  made  of  surgical  tubing,  we  have 
achieved  a  natural  resonance  of  the  table  below  0.3  Hz.  We  can  get  some  idea 
of  the  performance  of  this  system  by  comparing  a  laser  locked  to  this  cavity 
to  a  laser  locked  to  a  separate  cavity  on  a  second  table.  The  second  table  is 
not  as  stable  as  the  first,  but  preliminary  observations  indicate  that  the 
rubber-band  table  is  significantly  better  than  the  previous  optical  table  for 
this  cavity.  The  real  test  is  to  now  compare  to  the  ion  clock  resonance  line. 
These  measurements  are  currently  being  attempted  but  results  at  present,  are 
still  to  be  obtained.  One  problem  at  the  moment  is  that  the  reference  cavity 
and  ion  trap  are  on  separate  tables.  We  have  to  correct  for  Doppler  shifts 
between  the  tables  due  to  velocities  of  0.3  pm/s  in  order  not  to  be  sensitive 
at  the  one  Hz  level!  Fortunately,  we  are  able  to  use  a  Doppler  cancellation 
scheme  first  used  on  Doppler  ranging  of  rockets  (see  Vessot,  et  al.,  Phys . 
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Rev.  Lett.  45,  2081  (1980).)  In  future  versions  we  will  mount  the  trap  and 
reference  cavity  on  the  same  table.  Also  in  future  experiments  we  hope  to 
increase  signal-to-noise  by  using  the  linear  trap  discussed  below  in  part  (5). 
This  would  reduce  the  servo  attack  time  and  reduce  the  importance  of  low 
frequency  mechanical  noise  on  the  reference  cavity. 


5d,06p 


Fig.  2.  Simplified  optical  energy-level  diagram  for  Hg+ .  The  lifetime  of 
the  2D5/2  transition  is  about  0.1  s  which  would  give  a  linewidth  of  2  Hz 
on  the  electric  quadrupole  281.5  nm  transition.  By  observing  the 
presence  of  or  lack  of  fluorescence  from  the  194  nm  transition,  the 
quadrupole  "clock"  transition  can  be  detected  with  100%  efficiency. 


Fig.  3.  The  quantized  fluorescence  signal  obtained  from  an  750  Hz  scan  of 
the  282  nm  laser  through  the  2S^(F  =  0,  mF  =  0)  -*  2D5,2(F  =  0,  mF  =  0) 
component  of  the  electric  quadrupole  transition  in  l®®Hg+.  The  linewidth 
here  is  about  86  Hz;  we  believe  this  is  the  highest  Q  ever  reported  in 
atomic  or  molecular  physics. 
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(3)  Quantum  Zeno  effect 


Laser-cooled  ions  stored  in  Penning  traps  are  nearly  free  from  collisions 
and  other  perturbations  that  could  cause  relaxations.  This,  and  the  fact  that 
their  states  can  easily  be  manipulated  with  rf  and  laser  radiation,  makes  them 
well  suited  for  demonstrating  certain  aspects  of  quantum  measurement  theory. 
The  quantum  Zeno  effect  is  the  inhibition  of  transitions  between  states  by 
frequent  measurements  (R.  J.  Cook,  Phys .  Scripta  T21 .  49  (1988)).  We  have 
observed  this  effect  in  the  (mI=3/2,  mj=l/2)  «— ►  (1/2,  1/2)  9Be+  ground-state 
rf  transition.  The  measurements  are  short  pulses  of  light  tuned  between  the 
(3/2,  1/2)  ground  state  and  the  2P3/2(3/2,  3/2)  excited  state.  If  the  ion  is 
found  to  be  in  the  (3/2,  1/2)  ground  state,  it  scatters  a  few  photons  during 
the  measurement;  if  it  is  in  the  other,  it  scatters  no  photons.  In  the  latter 
case  the  wavefunction  "collapse"  is  due  to  a  null  measurement.  (M.  Porrati  and 
S.  Putterman,  Phys.  Rev.  A36 .  929  (1987))  The  dynamics  of  this  system  are 
essentially  the  same  as  those  which  are  predicted  to  lead  to  nonexponential 
spontaneous  decay  at  short  times.  However,  observing  the  Zeno  effect  in 
spontaneous  decay  would  be  extremely  difficult. 

This  experimental  demonstration,  although  fairly  simple,  has  led  to 
rather  widespread  interest.  Aside  from  our  publication  in  Phys.  Rev.  A, 
several  invited  talks  on  the  subject  have  been  given  and  the  subject  has 
stimulated  lively  discussion.  It  has  also  been  written  about  in  Science, 
Science  News,  The  New  Scientist,  Scientific  American,  Discover,  and  Nature. 
Most  of  the  serious  discussion  from  practicing  scientists  centers  around  the 
notion  of  wavefunction  "collapse".  As  some  scientists  have  pointed  out,  this 
concept  is  excess  "baggage"  and  one  only  needs  to  talk  about  correlations 
between  state  preparation  and  detection.  Nevertheless  it  seems  like  a  useful 
idea  in  describing  our  experiment  and  is  accepted  by  most. 

(4)  Synchrotron  frequency  divider. 

A  single  electron  in  a  magnetic  field  can  have  its  cyclotron  motion 
excited  by  an  oscillating  electric  field.  Usually,  the  excitation  is  made  at 
a  frequency  which  coincides  with  the  cyclotron  frequency  of  the  electron,  but 
excitation  at  a  multiple  of  the  cyclotron  frequency  is  also  possible.  This 
parametric  excitation  of  a  single  electron  (whose  orbit  is  well  controlled) 
appears  to  be  of  fundamental  interest  because  it  is  one  of  the  simplest 
systems  in  which  to  study  parametric  excitation  and  because  it  should  be 
possible  to  study  parametric  excitation  in  both  the  quantum  mechanical  and 
classical  regimes  in  the  same  system. 

A  second  feature  of  this  system  may  be  of  great  practical  importance. 

For  example,  if  the  parametric  excitation  can  be  detected  by  observing  the 
motion  of  the  electron  at  its  fundamental  frequency,  the  resulting  device  acts 
as  a  frequency  divider.  That  is,  we  inject  a  certain  frequency  into  the 
device  and  measure  a  submultiple  of  the  input  frequency.  For  the  electron, 
this  parametric  downconversion  process  can  in  principle  be  extended  to  very 
high  orders;  that  is  it  should,  in  principle,  be  possible  to  inject  a  laser 
frequency  and  read  out  a  microwave  frequency  (the  cyclotron  frequency).  (see 
D.  J.  Wineland,  J.  Appl.  Phys.  50,  2528  (1979)  and  Y.  J.  Ding  and  A.  E.  Kaplan 
J.  Opt.  Soc .  Am.  B6,  1299,  (1989)  and  references  therein).  Such  a  device 
would  be  extremely  useful  as  a  meterological  tool  since  as  yet  no  devices 
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exist  which  can  compare  in  a  phase  coherent  way  laser  frequencies  with 
microwave  frequencies.  Such  a  device  is  a  crucial  component  in  the  overall 
development  of  an  optical  frequency  standard  because  for  a  frequency  standard 
to  generate  time,  one  must  be  able  to  count  the  cycles  of  the  radiation. 

Because  this  project  is,  relatively  speaking,  in  its  infancy,  we  are  now 
studying  the  first  steps  in  the  realization  of  the  device  -  that  is  the 
division  by  two  and  three  in  the  microwave  region.  Although  not  useful  as  a 
practical  measuring  device,  these  first  experiments  will  allow  us  to  study 
some  of  the  basic  physics  of  the  parametric  excitation  such  as  electron  orbit 
stability,  required  drive  stability,  and  requirements  of  the  associated 
apparatus . 

In  this  last  year  the  electron  Penning  trap  apparatus  has  been  made 
operational.  In  a  first  run,  single  electrons  were  stored  and  cooled  by 
sideband  excitation.  Although  this  work  has  been  previously  demonstrated 
(most  notably  by  the  University  of  Washington  groups  of  Dehmelt  and  Van  Dyck) 
it  is  a  significant  first  step  in  the  study  of  the  parametric  excitation 
process  and  represents  an  important  milestone.  Additionally,  the  cyclotron 
motion  of  the  electron  has  been  excited  parametrically  at  twice  the  cyclotron 
frequency;  this  is  the  first  time  this  has  been  accomplished.  After  this 
first  run,  the  apparatus  is  currently  being  modified  to  make  minor 
improvements  before  trying  higher  order  parametric  excitation. 

( 5 )  Linear  rf  Trap  and  High  Resolution  Microwave  Spectroscopy  of  Hp* _ 

The  main  advantage  of  using  a  single  ion  in  a  quadrupole  rf  (Paul)  trap 
is  that  the  kinetic  energy  of  micromotion  can  be  on  the  order  of  the  secular 
motion  energy.  For  a  single  199Hg+  ion  cooled  to  the  Doppler-cooling  limit 
(as  achieved  in  our  experiments) ,  the  second-order  Doppler  shift  would  be 
<A^D2/i/0>  =  -  2.3  x  10'18.  In  a  quadrupole  ion  trap,  two  or  more  ions  in  the 
trap  are  pushed  from  the  center  of  the  trap  by  the  mutual  Coulomb  repulsion 
and  the  second-order  Doppler  shift  is  significantly  higher.  Consider  the 
trap  shown  in  Fig.  4.  This  design  is  essentially  the  same  as  that  described 
by  Prestage  et  al .  (J.  Appl.  Phys .  66,  1013  (1989))  and  Dehmelt  (in  Frequency 
Standards  and  Metrology,  ed.  by  A.  DeMarchi ,  ( Springer-Verlag ,  Berlin,  1989). 
In  the  trap  of  Fig.  4,  the  rf  electric  fields  are  transverse  to  the  trap  axis 
for  the  entire  z  extent  of  the  trap.  If  a  single  "string"  of  ions  is  trapped 
along  the  z  axis,  then  the  kinetic  energy  of  micromotion  is  about  equal  to  the 
kinetic  energy  in  the  secular  motion.  Therefore,  the  fractional  second-order 
Doppler  shift  could  be  as  low  as  5kT/2mc2 .  This  is  5/6  of  the  value  for  a 
single  ion  in  a  quadrupole  rf  trap  because  of  the  absence  of  rf  micromotion 
along  the  z  direction.  At  the  Doppler-cooling  limit,  this  gives  Ai^D2/j/0  =  -  2 
x  10" 18  for  all  Hg+  ions  in  the  string. 

Use  of  the  trap  of  Fig.  4  would  allow  N  »  1  giving  good  signal-to-noise 
ratio  and  still  yield  a  small  second-order  Doppler  shift.  Assume  50  ions 
stored  along  the  z  axis  like  "beads  on  a  string"  with  ion  spacings  of 
approximately  5  /im.  With  this  spacing  each  ion  could  be  independently 
detected  by  using  an  image  detector  (so  far  we  have  seen  up  to  8  individual 
ions  along  the  z  axis  of  a  quadrupole  trap).  Therefore  each  ion  could  be 
treated  as  an  independent  atomic  clock  where  the  clock  transition  could  be 
detected  with  100%  efficiency.  For  a  Ramsey  interrogation  time  of  TR  =  100  s 
and  w0/2tt  =  40.5  GHz  (the  ground  state  hyperfine  transition  for  199Hg+)  the 
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frequency  stability  of  this  clock  "ensemble"  would  be  oy(r)  =  5.5  x  10'14t‘V 
For  these  long  interrogation  times,  sympathetic  cooling  might  be  required  to 
avoid  heating  while  the  Hg+  optical  pumping  laser  was  turned  off  to  avoid 
light  shifts  during  the  Ramsey  period.  The  ions  used  to  cool  the  Hg+  ions 
would  also  find  a  position  in  the  string  of  ions  along  the  z  axis. 

Such  a  linear  trap  would  have  two  important  applications  for  frequency 
standards:  (1)  It  appears  that  a  microwave  frequency  standard  (described 
briefly  in  the  last  paragraph)  would  have  excellent  short  term  stability  and 
an  accuracy  considerably  better  than  1  part  in  1015.  (2)  Such  an  array  of 

ions  could  significantly  improve  the  signal- to-noise  ratio  in  the  Hg+  optical 
experiments  thereby  relaxing  the  requirements  on  laser  "local  oscillator" 
spectral  purity  (discussed  in  part  (2)  above). 

With  this  in  mind,  we  have  just  finished  construction  of  the  trap  in 
Fig. A  (rod  spacings  of  approximately  1mm).  Tests  of  the  trap  are  just  getting 
underway . 


A 


V0  cosilt 


Fig.  A.  Linear  trap  configuration.  The  alternating  rf  voltage  VDcosfit  is 
assumed  to  be  applied  to  diagonally  opposing  electrodes  as  shown.  We  assume 
the  end  portions  of  the  electrodes  are  long  enough  that  the  resulting  rf 
potential  at  the  position  of  the  ions  is  independent  of  z,  so  that  the  rf 
electric  fields  are  parallel  to  the  x-y  plane.  To  trap  ions  along  z,  we 
assume  the  center  four  electrodes  are  at  static  ground  potential  and  the  two 
sets  of  four  electrodes  on  either  end  are  at  a  static  potential  U0  (Uc  >  0  to 
trap  positive  ions).  The  average  position  of  the  ions  could  be  made  to 
coincide  with  the  rf  electric  field  null  by  applying  slightly  different  static 
potentials  to  the  four  central  rods  to  correct  for  contact  potential  offsets 
etc.  This  geometry  would  allow  laser  beams  to  be  directed  along  the  z  axis. 

( 6 )  Laser  Cooled  Refrigerator  and  Detector 

A  single  trapped  ion,  laser-cooled  into  its  quantum  ground  state  of 
motion,  may  be  used  as  a  quantum- limited  detector  for  RF  signals  applied  to 
the  trap  endcaps.  The  ion  can  also  function  as  a  quantum- 1 imited 
refrigerator;  a  signal  source  consisting  of  a  high  Q  oscillator  may  be  placed 
in  its  quantum  ground  state  via  coupling  to  the  ion.  Parametric  drives  may  be 
used  to  cool  and  detect  source  modes  other  that  the  one  directly  coupled  to 
the  ion.  Squeezed  states  of  the  source  can  also  be  generated.  These 
principles  should  be  applicable  to  the  cooling  and  detection  of  the  motion  of 
a  charged  particle  in  a  Penning  trap;  coupling  to  the  ion  is  obtained  by 
connecting  the  Penning  trap  and  ion  trap  electrodes  together. 
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We  have  theoretically  analyzed  such  a  "coupled  trap"  experiment,  and  show 
that  the  charged  particle  may  be  placed  in  its  ground  state  and  single  quantum 
excitations  of  the  motion  and  single  spin  flips  detected.  This  technique  may 
substantially  improve  the  accuracy  of  measurements  of  the  electron  (or  proton) 
magnetic  moments,  and  electron-positron  (or  proton- antiproton)  magnetic  moment 
and  mass  ratios. 


Fig.  5.  Coupled  trap  experiment.  EC:  endcap  electrode,  R:  ring  electrode. 
The  central  endcap  is  common  to  the  two  traps  and  is  connected  to  the  shield 
by  resistor  RB .  The  trap  electrodes  and  shield  (outer  boundary)  are  drawn  to 
scale,  with  de  =  0.4  cm,  and  are  assumed  to  have  cylindrical  symmetry. 

As  a  first  experiment  along  these  lines,  we  have  designed  and  are  now 
constructing  the  coupled  Penning  trap  which  is  shown  schematically  in  Fig.  5. 
The  smaller  trap  will  contain  Be+  ions  which  are  to  be  cooled  to  their  ground 
state  by  stimulated  Raman  transitions  (discussed  in  our  paper) .  The  larger 
trap  will  contain  an  electron  which  is  the  test  ion.  The  spacing  of  the 
electrodes  on  the  electron  trap  is  0.4  cm.  A  critical  element  is  the  coupling 
time  constant  between  the  ion  and  electron  which  we  calculate  to  be  0.88  s  for 
the  trap  shown  when  the  axial  frequencies  adjusted  to  be  5  MHz.  Axial 
frequencies  must  be  held  to  better  than  1Hz  precision  over  this  coupling  time. 
To  reduce  spurious  heating  from  thermal  noise,  the  apparatus  will  be  kept  at 
liquid  He  temperature.  Currently  the  trap  is  being  fabricated;  we  hope  to  do 
initial  tests  by  the  end  of  this  summer  ('90). 

(7)  Penning  Trap  Density  Limitations 

We  have  studied  a  specific  mechanism  for  practical  density  limitations  of 
charged  particles  in  a  Pending  trap.  This  affects  not  only  our  frequency 
standard  experiments  but  all  Penning  trap  experiments  which  try  to  achieve 
high  density. 

By  changing  the  angular  momentum  of  the  ions  using  torque  about  the  z 
axis  from  the  laser  beam,  we  have  been  able  to  achieve  all  permissible 
rotation  frequencies  of  the  cloud.  The  density  n  of  the  cloud  and  the 
rotation  frequency  u>  are  related  by  the  expression  n  =  mw(n-w) /2?rq2  where  m 
and  q  are  the  ion's  mass  and  charge  and  fi  is  the  single  particle  cyclotron 
frequency.  Therefore  we  are  able  to  achieve  the  maximum  density  theoretical ly 
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possible  -  the  "Brillouin"  density  mfl2/87rq2.  This  however  requires  that  wt 
align  the  trap  electric  axis  with  the  magnetic  field  axis  to  better  than  0.01 
degrees.  In  most  Penning  trap  experiments,  this  degree  of  alignment  is  very 
hard  to  achieve.  In  that  case,  we  find  that  the  rotatioi.  frequency  and 
therefore  the  density  is  limited  by  excitation  of  a  quadrupole  oscillation 
mode  of  the  ion  cloud  by  static  electric  field  axial  asymmetries.  We  have 
obtained  good  agreement  between  theory  and  experiment  in  these  studies;  this 
work  is  currently  being  written  up.  From  a  practical  standpoint,  this  kind  of 
mode  excitation  from  field  asymmetries  will  limit  the  ion  densities  in  most 
Penning  trap  experiments.  These  results  will  therefore  have  implications  for 
all  experiments  using  Penning  traps. 
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